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SILICON CARBIDE AS AN OXIDATION-RBSISTANT HIQH-TENPERATURE 
MATERIAL; I: OXIDATION AND HEAT CORROSION BEHAVIOR 

Jb Schllohtlng 

Institute of Chemical Technology, Karlsruhe University 
1« Introduction /196 

SIC Is being used as a hlgh>>teinperature material In heat-conductor 
technology for temperatures up to 1500°C. In addition, It Is regarded, 
along with S1^N|^, as a future material for such things as hlgh-temper- 
ature turbine blades (see, for example, Alllegro and Tortl [1], Tortl 
[2], Qorum [3]t and McLean [i|]), 

Silicon carbide today comes in various forms for use; It is seen 
as a final material for SIC rock with a silicate, nitride, or oxynl- 
trido binder or for pure SIC material as hot •pressed, reaction-bound, 
or reorystallized material. Hot-pressed SIC ^HPSIC) contains a few 
percent of aluminum C5, 6] or perhaps boron as a sintering agent [?]. 

These substances display theoretical densities and are Identifleu by 
a high RT stability, which nevertheless decreases sharply at about 
1200 to 1400®C [8], Indeed, high RT stabilities are obtained with the 
addition of A1 rather than boron, but the decrease in stability at 
higher temperatures is greater than for boron addition, for which the 
stability still increases somewhat f9]. The stability of reaction- 
bound SIC (RBSlC), on the other hand, amounts to only a third of that 
with a hot-pressed material; however, it can survive temperatures up 
to 1600°C, if the content of residual silicon (from the manufacturing 
process) is as small as possible [10]. In general, the Si content is 
8 to 105 . Developments In recent years have further shown that it is 
also possible to manufacture deiise SIC by means of pressure-less sin- 
tering [ 11 - 15 ]. The final product here is a very fin» SIC powder 
(grain size <1 jjm), to which boron and carbon are added (about 1.5> 
by weight). These substances exhibit sufficient RT stability to sur- 
vive temperatures up to 1700°C (Draft and Dooher [16]). 


•Numbers in the margin indicate pagination in the foreign text. 
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2. Oxidation Mechanism 


The oxidation resistance of SiC is based on the development of 
SlOg glass layers at temperatures >800^0. 

It has been known for some years that protective layers of SIO2 
are built up opposite oxide layers, such as )n the oxidation of super- 
alloys (such as Al2^3 which present the best protection 

against oxygen at high temperatures. In contrast to other oxides, no 
transport takes place through these layers via metal or oxygen ions. 

The upper use-temperature is limited to 1700^C, due to the low viscos- 
ity of the SiO^ glass. 

It is generally known that molecular oxygen can pass through the 
open pore structure of SIO2 glass. These findings were established by 
Norton [18] by means of permeability measurements. Fe further deter- 
mined the oxygen diffusion coefficient in SIO2 glass through exchange 
reactions with an 02-gas atmosphere by the tracer method. In this con- /197 
nection, the data obtained can be correlated with the above-mentioned 
permeability data, because in both cases, similar activation energies 
were determined (83 to 125 kJ/mole) (see the summary considerations of 
Schaffer [193). As early as 196i<, Motzfeld [20] showed similar values 
could also be derived for activation energy from kinetic measurements 
for the oxidation of silicon and silicon carbide. Thus it Is possible 
to correlate transport processes in SIO2 (oxygen diffusion, oxygen per- 
meability) with the Increase in a protective S102 layer in SiC [193. 

For the oxidation of SIC applied, this means the rate-defining step is 
represented by the permeability of molecular oxygen through the already- 
formed protective SiOp layer. Hence, an exchange takes place with the 
oxygen Incorporated into the SIO2 lattice. This exchange reaction, 
however, has no effect on the kinetics of the oxidation reaction. 

With these statements, the oxidation behavior of silicon carbide 
has already been described and characterized in its essentials, and it 
can be confirmed with very pure SIC materials. However, some varia- 
tion occurs in relation to the apparent discrepancies which must be 
considered in more detail. In the following, the most Important data 


2 


from the literature are critically discussed and brought face to 
face with the mechanism set up. 

3. Active and Passive Oxidation 

The formation of a protective SlOg layer In the oxidation of SIC 
occurs on the basis of the reaction equation: 

2 S1C(3) + 3 Ojjgj * 2 S102(3) + 2 

The stability of the protective SlOg layer Is determined through vapor- 
ization or decomposition of SlO^^gj during the formation of various 
gaseous species. 

According to the calculations of Singhal [21], It results that 
vaporization of a protective SIO 2 layer from a silicon-bearing sub- 
stance cannot be determined In an oxidizing environment. This can, 
however, become critical in a reducing atmosphere, l.e. at low oxygen 
partial pressure during SiO formation. According to Pitzer and Ebi 
[ 38 , 39 ], SiO formation is already beginning at 1050°C at a stated 
partial pressure of 10 bars. 

In addition, the protective Si02 layer reacts with the base mater- 
ial in SIO and CO. The equilibrium partial pressure of SIO can be cal- 
culated in advance. Fig. 1 shows this as a function of temperature. 

High SiO vapor pressure leads to 
explosion of th«* protective SIO 
layer at high temperatures and in- 
creases oxidation. It is more im- 
portant, however, that free surfaces 
are thus created, for which an ac- 
tive oxidation analogous to the 
equ tlon: 

^^^(s) °2(g) ^°(g) 

can occi'.r. The straight line indi- 
cated in Fig. 1 shows the oxida- 
tion relationships In two regions. 



Fig. 1. SlO equilibrium partial 
pressure for the SiC/Si 02 bound- 
ary as a function of temperature. 
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Above this line, we have a passive relationship with the formation 
of a protective S102 layer: below is an active relationship with SiO 

formation, l.e. destruction of the material. The region of passivity 
was put forth In 1958 by Wagner [22], The straight line calculated 
according to his formula for the boundary of the areas of active and 
passive oxidation is inducted in Fig. 1. 

The validity of Wagner’s theory has been proven l>y various authors 
Several corrections have been made to it. According to Qulbransen and 
Jansson [23] and Hinze and Graham [2^], these boundary lines between 
active and passive oxidation should be lowered, because the CO partial 
pressure must be taken into account. In addition, a possible SiO trans 
port along pore channels is to be considered. Bennett and Chaffey [25] 
confirm these data for reaction-bound SIC, as well as Antill and War- 
burton [26, 27] for SIC powder. The latter authors of course found 
corrosion rates in the active area which were on the order of 5 times 
smaller than those theoretically predicted. Rosner and Allendorf [28] 
found a lowering of the boundary line on the order of 7 times for very 
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high flow rates (10 cm/sec). 

In spite of these modifications, the Wagner prediction appears to 
be a sufficient criterion for the active-passive transition in the oxi- 
dation of SIC. 

For the SiC + SIO 2 reaction at higher temperatures during SiO 
formation, see Pultz and Hertl [29] and Borisov and Yudin [30]. 

See Dillon [31] concerning the primary stage of oxidation for 
oxygen adsorption and the formation of a protective SIO 2 layer re- 
sulting from this. 

<1. Oxidation of Pure SiC (Powder. Single Crystals) 

Oxidation in the passive area (oxidation in air of air-oxygen at 
temperatures above 800®C) is characterized by a parabolic time law. 

In spite of a few points of view to the contrary, this fact is proven. 
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SIO 2 formation occurs at the S102/sllicide Interlayer [32, 33]* Table 
1 gives the oxidation rates Indicated In the literature [26, 21 ^ 3^-53]* 
Pig. 2 shows the temperature dependence of comparabl? oxidation rates. 

I f JAA tooo 

It Is known that these data lie very 
close together In range of values, 
which Is recognized from the uniform 
activation energy of 83 to 125 kJ/mol 
(solid line). It Is further known 
that below 1200°C, the oxidation rates 
fall sharply (heavy dashed line), 

[*48], as 1' also Is for RBSIC (Bennet 
and Chaffey [5**1, Schlichtlng [55]). 
Pltzer and Kbi [ 3^ , 39] explain the 
change In activation energy at 1200°C 
by crystallization of the protective 
SIO layer upon the formation of crlsto- 
ballte In the range of 1200 to 1*4C0°C. 
The number of the crystalline phases 
was hence determined by X-ray for up 
to 80 J by volume. Above 1*400°C, Flt- 
zer and Ebl [ 38 , 39] as well as Adamsky 
[3**] found a further Increase In activation energy, l.e. a strong In- 
ci’ease In the oxidation rates. This phenomenon Is explained by the 
change In the viscosity of the SIO^ glass layer (facility of oxygen 
transport ) . 
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C K-* 
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Fig. 2. Temperature depend- 
ence of oxidation rates for 
pure silicon carbide powder 
and single crystals. A ■ 
Adamsky, AN - Ant ill, B * 
Bartlett, C ■ Cappelen, E ■ 
Ervin, F - Fltzer, ^ ■ Ougel , 

H ■ Harris, J « Jorgensen, N » 
Nakatogawa, W ■ Wlebke. 


Various statements regarding the oxidation behavior of the differ- 
ent SIC modifications are under consideration. Their basis would be 
better sought In the various addition of foreign elements. According /19' 
to Suzuki [ 31 ], 6-SlC acts more slowly than a-SlC, while according to 
Konoplcky, Fatzak and Dohr [57], black Al-dosed n-SlC and green SIC 
are oxidized least and e-SiC (N,-stabl llzed ) most strongly. e-SlC 
should exhibit an active surface [60]. Black and grey SIC are oxidized 
more rapidly than green SIC (Nakatogawa [*<8]), but more slowly for a 
longer oxidation time (Wlebke [52]). 

See Kapltel: Hot-Pressed SIC, on the effect of contamination. 
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The oxidation behavior of SIC single crystals varies according 
to crystallographic orientation (Harris [43]). There Is a diffusion- 
controlled Increase through surface reaction at the silicon face of 
the crystal being studied. 

The oxidation of SIC proceeds with the formation of a protective 
SIC 2 layer which may be of a glassy or partially-crystallized nature. 

Whereas Adamsky [34] found no crlstoballte at 1200 to 1400°C, Gugel 
et al . [40, 41] Indicate crlstoballte formation above 1000°C (develop- 
ment of rosette-llke surface structures), Michel [58] above 1150°C, 

Fltzer and Ebl [ 38 , 39] above 1200°C and Dillon [31] above 1300°C. 

The differences are probably attributable to the different crystallo- 
graphic construction and different portions of various materials (see 
Sharma [60] on this). 

5 . Oxidation Behavior of Pure SIC Substances (Porous SIC, CVD Layers) 

The oxidation behavior of porous SIC substances Is very different. 

Fig. 3 shows typical curves for a reaction-bound material with 10% 
pores by volume [55]. These oxidation Isotherms are recognized at 
low temperatures such as lOOO^C by very high oxidation rates, while 

at high temperatures, the Increase 
In weight in the first hour Is very 
sudden and then It proceeds very 
slowly. Hence oxidation (preferably 
at high temperatures) In the primary 
stage for the protective SIC^ layer 
increases at open pores with the 
formation of a closed uniform pro- 
tective layer, whereby the reaction 
surface of this porous material de- 
creases in the course of the reac- / 200 
tion [ 38 , 39]. Oxidation behavior 
Is thus not a substance-specific 
property of the material, but of 
the pore structure, l.e. the effective surface at any given time Is 
controlled by the availability. SIO^ layers forming In the oxidation 



Fig. 3. Oxidation Isotherms for 
porous SIC substances with number 
of pores equal to 10% by volume. 
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TABLE 1 


Test Atmos- 

Author Method Material phere 


Muky 
19S9 (Ml 

CO| Adnorpllan 

Crystals 

200 

0, 

.\atW 
WariMirtoc 
IM9 (26.17] 

Thermo- 
gravimeti y 

SIC layeredo, 
UO, 

Bartlett 
1971 [SS] 

Interleren cje 

^-SiC Crys- 
tals 

•0, 

Cappelrn 
Johutea 
Mouleld 
196S (S6] 

Thenno- 
pravimetr y 

Powuer 

1000 un 

0, 

Enrin 
1956 (37] 

Gravimetry 

Powder 

ISO^n 

Air 

Filler 

Fbi 

1973 (38. 39) 

Thermo- 

gravimetry 

Powder 

40 — 63 . urn 

0, 

Air 

GugrI 
llcnnidir 
Sdiuiler 
l%9 140.41] 
m Schurtrr 

Thermo- 

"ravimcirv 

Powder 
43 — 67 lira 

Air 

('.ulbranirn 

Thermo 

Crystals 

0, 

Andrew 
RriMart 
1966 |42] 

gravimetry 

a-6H 

0.5 torr 

llarri.' 

l';73,'7S (43) 

'nIerferenOQ 

Crystals 

a6H 

0, 

Jorgea»en 
\X'ad«»orth 
Culler 
1959 (441 

Titermo- 

piatimerv 

Powder 
37 — 44 urn 

0, 

khr>dirta 
Bre»krr 
1069 (4.S| 

Gravimetry 

Powder 
60-1-120 irm 

Air 

l.amhrrtM>n 
1956 |46) 
fr. : i'latk 

Thermo 

gravimetry 

Powder 

? 

lea 

1910 |47) 

t.rtvimiiry 

Powder 
20-41 um 

Air 


Tenp. 

°C 

Exper. 
Dur . , hr 

Oxidation 

Rate 

(g»/e««lil [erf/i] 

c 

1200 

34 

94I0'* 

276 

1300 


4.0- lO-** 

125 

1400 


7410-'* 

317 

1500 


3J10" 


1200 

7 

7.7-10 *« 


9«5 

464 

19-10-'* 


1500 

20 

1.6-10-“ 

a • 



1300 

40 


9.7 -10 “ 

209 

1000 

10 

3J-10 “ 

3.4-10 “ 

335 

1200 


2.5-10 " 

2.1-10 “ 

167 

1400 


U-10“ 

14-10 “ 

410 

1600 


1.6- 10-* 

1.0- 10-" 


1000 

10 

8.0 -10 " 

7.8 10-'’ 

314 

1200 


4 4-10 “ 

44 10 “ 

251 

1400 


5.6- 10“ 

5.4-10“ 

460 

1600 


4.7 -10 • 

4.1-10 “ 


1000 

120 


5.0-10 “ 

82 

1200 

120 


44- 10“ 


1400 

90 


8.0-10“ 


1500 

lO 


1.4 -10 “ 


1300 

4 min 

1410* 





g/cm* h 

• 



970 

166 


4.0 -10 “ 

19t. 

UllS 



5.2-10“ 


1060 



7.0-10 “ 


1170 



3.8 -10 “ 


1243 



6.0 -10 “ 


903 

120 


2.7 -10 “ 

8.'i 

1215 

120 


34 -10 “ 


1502 

60 


14-10 “ 


1600 

30 


1.9 -10 “ 


1300 

50 

3410 • 

/ 

80 

1400 


4.4 10-* 



1500 


1.6 -10 ’ 



1600 


3.8-10 ’ 



800 

? 

1.8- 10-“ 


377 

lOPO 


24 10 •' 


62H 

1200 


34 10 “ 



1400 


4.4 -10 ’ 



1600 


3.5 -10 • 



900 

140 


1.1-10 “ 

20*» 

1000 

90 

, 

8.8 -10 “ 


1100 

70 


1.7-10 “ 


1200 

40 


4.9 10 “ 



(Table continued on following page.) 
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TABLE 1. (Cont’d) 


C 


1 


I 


Author Method 


Test Atmos- 
Material phere 


Temp . 
OC 


Exper. Oxidation _ 

Dur. , hr Race 

(iT^/cm^h) Ccm^/s ) (kJ/mol) 


>ak«io(«wa 

Thrrmo- 

Powder 

Ot+ Air 

1000 

4 

2.510 •» 

.122 

I<IS4 |4II] 

(ravimrtr y 



1500 


1.5-10 " 


Pulli 

('.rt«imrtry 

Powder 


1555 

5 


652 

1067 ■ 140| 


10 Min 

20j» inrr 

1400 








1475 




l‘ulu 


fl phases 

Air 

800 

20 

. 8.0 - 10 •• 

167 

1007 b (SO) 

• J 

2sh \ ■?» 


VOO 


4J10 '» 






1000 


1.6- 10 •• 


Sutuki 

Gti,in,riry 

Crystals 

o. 

810 

SO 

1.410 


1057 |5I| 


a^H 


1100 


2.0 •10" 




15,4 21.6 iim 


1200 


6,4 10" 






1400 


U-10** 


V irbLr 

CO, AdwrptMit 

Powder 

0, 

1100 

») 

7.010-'* 

42 

lOfiO (521 


M Min 


1500 

20 

5.4-10'* 






l.soo 

10 

4.8- lO" 


N jMirviii 

Thcinio- 

Crystals 

Air 

1500 

5 

5.010 •• 

•Ml 

lONI (Ml 

•ira,irm>lry 

+ RBSiC 


1600 


2.0-I0 * 



are extremely crack-senslt Ive ; however, they close up again with new 
heat treatment (Lange [6l]). 

The oxidation rates Indicated In the literature for RBSIC with 
various porosities, as well as for the final SIC from the gas phase, 
are shown in Table 2 [26, 27 , 5'^, 55, 62-70]. The values for RBSIC 
ai’e very non-uniform and cannot be compared. For solid, poreless 
RBSIC materials, the similar or Insignificantly Increased oxidation 
rates are presented in comparison with pure SIC powder (Gnesln [71], 
Schllchtlng [55]). For the effect of porosity on the oxidation be- 
havior of RBSIC, see Kaynarsky [72], Gropyanov [65], Rublsch and 
Schmitt [73], and Kuznetsova [68], prlmai-lly Interesting for the manu- 
facture of heat conductors. 

The grain structure of these materials also has an effect (Taylor 
[7U]). Refining the grain size produces Improvement In oxidation be- 
havior, but It Increases temperature sensitivity [72]. 

For recrystallized SIC, the data show that in the process of re- 
crystallization at high temperatures In manufacturing, the oxidation 
behavior can be substantially Improved (Alllegro [75]). 
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TABLE 2. OXIDATION RATES FOR SIC SUBSTANCES 


Author 

M 4 .V. J Tost 

Material 

Atmos- 

phere 

Temp. 

OC 

Exper. 
Dur . , hr 

Oxidation pate 

|g*;r,n* h| (cm*/*) 

AaiiU 
VarfaMrlon 
1999 IS6. 27) 

Ttkermo- RBStC 

(TtvlMtry 

“0| 

'.too 

f 


9.1 -10 " 

Bcaimt 
Oiklty 
1971 |S4] 

0, consump-RBSic 
tion 

0 , 

9S0 

400 

IJ IO " 

6.3 10 “ 

ridiin 
1971 (62) 

CiitvlaMry • RBSiC 

Air 

2007 

2447 

9.6 Min 

S Min 

2.61 K. rm h 
S.64g.'C« h 


Cankiii 

NlkiliM 

Crairiiiiciry RBSIC 

12-U*/«SI 

Air 

1200 

90 

2.7-10’ 
4 ?•!«•- 



1971 (6S] 


CMdinft 

Thermo- 

sintered 

Air 

1975 [64| 

•ravimvU:’ 

aosic 

Air 

Oraf,ant» 
1970 (6S| 

Gravimetiy 

RBSIC 
10*/» Porc.1 

31.8*/* Pond 

Air 

Kmi 
Hunill 
Jncobaon 
1966 (66) 

r 

4 

CVD-SIC 

Air 

Kowlovaky 
SlaglMl 
1975 (67) 

Cra«t»9lr; 

O-DSIC 

0, 

WnwiftinM 
1972 (66) 

ricctron 

microscope 

RBSIC 

Air 

McHmry 
1977 (69) 

CraTlmrtty 

RB.SC 

*ir„ 

RnUll 
CoMrWw 
1973 (70) 

Tkanan- 

RBSIC 

Air 

Sdilliliiing 
1976 (55) 

Tkenwe- 
gf ■tImMi V 

RBSIC 

10*/*si 

1 •/• PhvS 

Air . 


1600 

100 

4.9 10 * 


1600 

9 

2.710 • 


1310 

10 

4.8 10 * 


1420 


1.6 -10 ’ 


1510 


U-10* 


1910 


2.0-10 • 


1420 


8.0 -10 ‘ 


1520 


2.0 -10 • 


800 

900 


2J -10 •» 

900 

350 


4.0 -10 “ 

1000 

600 


7.0-10 “ 

1370 

24 

0 -10 '• 



1900 

1500 

s 


1.1 -lO" 
5.8 -ir* 

1000 

IS 

4.0-10* 


1900 

100 

<1.0-10 •• 


1000 

1200 

1400 

1500 

100 

33-56-10 •• 
23-6^10 '* 
1.6-lJ-lO •• 
U-10-* 



The most wide-ranging oxidation values for pure SIC powder could 
be realized by Fltzer and Ebl [ 38 , 39] for SIC substances which suffer- 
ed broken SIC surface layers through gas-phase discharge and thus could 
be regarded as pure, compact, pore-free SIC substances (Ebl [39], 
Schllchtlng [ 76 ]). The excellent oxidation behavior of CVD-SIC can be 
applied In the construction of protective coatings for graphite and 
refractory metals [77, 78]. 


(To be continued) 


ORIGINAL page IS 
OF POOR OUAUTY’ 


9 


